Subthalamic nucleus deep brain stimulation (STN-DBS) is currently the treatment of choice for medication-resistant levodopa-related motor complications in patients with Parkinson's disease (PD). While STN-DBS often results in meaningful motor improvements, consensus regarding long-term neuropsychological outcome continues to be debated. We assessed the cognitive outcomes of 19 STN-DBS patients compared to a group of 18 medically-managed PD patients on a comprehensive neuropsychological battery at baseline and two years post-surgery. Patients did not demonstrate changes in global cognitive functioning on screening measures. However, neuropsychological results revealed impairments in nonverbal recall, oral information processing speed, and lexical and semantic fluency in STN-DBS patients compared to PD controls 2 years post-surgery in these preliminary analyses. Additionally, reliable change indices revealed that approximately 50% of STN-DBS patients demonstrated significant declines in nonverbal memory and oral information processing speed compared to 25e30% of PD controls, and 26% of STN-DBS patients declined on lexical fluency compared to 11% of PD patients. Approximately 30% of both groups declined on semantic fluency. The number of STN-DBS patients who converted to dementia 2 years following surgery was not significantly different from the PD participants (32% versus 16%, respectively). Our results suggest that neuropsychological evaluations may identify possible mild cognitive changes following surgery.
Introduction
Bilateral subthalamic nucleus deep brain stimulation (STN-DBS) is currently the treatment of choice for treatment resistant tremor and motor complications in patients treated with levodopa for Parkinson's disease (PD) [1, 2] . This procedure has been successful in ameliorating dyskinesias, decreasing levodopa medications, and increasing "on" medication time and health-related quality of life (QOL) [3, 4] .
However, less is known regarding the cognitive outcome following STN-DBS. Initial research suggested that STN-DBS did not lead to significant changes in short-term global cognitive skills when assessed with brief screening measures [5e7] . Conversely, studies utilizing more comprehensive neuropsychological batteries revealed short-term, mild impairments in verbal fluency, memory and executive function [8e13] . Despite evidence of mild short-term cognitive impairments, long-term cognitive effects of STN-DBS have not been as thoroughly assessed. While some studies have not found cognitive changes following DBS [6] other investigations have documented declines in verbal fluency, verbal memory, information processing speed and executive function [10e12] . A meta-analysis on STN-DBS cognitive outcome research found that 41% of patients had evidence of cognitive impairments in verbal memory and fluency, executive functioning, attention, working memory, mental speed, and response inhibition an average of 13 months following surgery [13] . These studies suggest that the cognitive effects of STN-DBS remain underestimated and highlight the need to perform comprehensive neuropsychological evaluations to better capture the full effects of STN-DBS.
The purpose of the present study was to investigate the cognitive effects of bilateral simultaneous STN-DBS using a comprehensive neuropsychological assessment and a matched medically-managed PD control group two years following surgery. Moreover, we present reliable change indices (RCIs) to compare statistically reliable cognitive changes between the groups for each neuropsychological measure over time. Additionally, dementia caseness analyses using both DSM-IV-TR [14] and Emre [15] criteria were performed.
Methods

Participants
Nineteen PD patients who had bilateral simultaneous STN-DBS were compared to 18 non-surgical PD patients using comprehensive neuropsychological assessment at baseline and at a 2 year follow-up evaluation. The STN-DBS patients were consecutive patients who underwent STN-DBS for the treatment of PD from the Baylor College of Medicine Parkinson's Disease and Movement Disorders Center (BCM-PDMDC). The non-surgical PD patients were a convenience sample of PD patients from the PDMDC who were medically managed, who chose not to undergo surgery, or who were recruited from PD community support groups. The PD patients were matched to the STN-DBS group at the time of recruitment on an on-going basis. However, as this sample constitutes a sub-sample of patients whose 6 month cognitive outcome was previously reported [16] , the patient groups were then matched post-hoc for these analyses based on the availability of 2 year data. All PD and STN-DBS patients under went 3 neuropsychological evaluations: Baseline, 6 months, and 2 year follow-up.
Inclusion criteria included a diagnosis and clinical findings of moderately advanced ("off" medication Hoehn and Yahr score of 3 or 4) idiopathic PD with response to levodopa, complicated by disabling motor fluctuations and dyskinesias. Patients with Mini-Mental Status Examination (MMSE) scores 23 and psychiatric complications that could interfere with compliance were excluded. All procedures were approved by the BCM Institutional Review Board.
Procedures
Neurosurgical procedures. One neurosurgeon (RKS) completed all operative procedures according to previously described methods [17] .
Neurological evaluations. PD patients were evaluated in the "on" motor state at baseline and at 2 years; STN-DBS patients were evaluated in both the "on" and the "off" states for the same time periods. All patients were evaluated by a movement disorder neurologist (JJ) certified in the use of the UPDRS.
Neuropsychological evaluations. Neuropsychological tests administered included [18] : Mental Status: MMSE, Dementia Rating Scale (DRS); Memory: Rey Auditory Verbal Learning Test Total Trials 1e5 (RAVLT-total), short-term recall (RAVLT-stm), and long-term recall (RAVLT-ltm), and the Brief Visual Memory TestRevised total trials 1e3 (BVMT-R-total) and delayed recall (BVMT-R delay); Infor- Three alternate forms were counterbalanced across participants for the RAVLT and the BVMT-R for each of the three evaluations that the patients underwent.
Data analyses
Repeated measures ANOVAs and ANCOVAs were conducted with group (STN-DBS vs. PD) as the between subjects variable and neuropsychological outcomes as the within subjects variable. Standard scores were used for all outcomes except for MMSE and Clock Drawing. Partial eta-squared (h 2 ) was used as the effect size for F tests. RCIs were computed to assess for statistically reliable decline, increase, or no change in a neuropsychological score from baseline to 2 years while taking into account the reliability of the test, indicating a significant change in scores not attributable to measurement variability [19] . Due to the exploratory nature of identifying the cognitive side effect profile of the surgery, the p value was set at p 0.05 for all analyses. With the large number of comparisons being proposed in this exploratory research, we acknowledge that there is an inflated risk of Type I error. A Bonferroni correction would adequately address this concern by reducing Type I error. However, particularly when a Bonferroni correction is applied to a small data set, Type II error increases, hence a potential cognitive side effect of STN-DBS may not be identified. Consequently, we have chosen not to employ a Bonferroni correction for this preliminary investigation. We have included effect sizes, or the degree of experimental effects, for each of the findings along with the exact p-value observed. These effects sizes are comparable across studies even with different sample sizes [20] ; thus allowing for the evaluation of the statistical significance of these preliminary results. However, caution should be exercised when interpreting our findings and we acknowledge that this data analysis is exploratory in nature.
In addition, dementia caseness analyses were conducted using the criteria established by Emre et al. [15] and DSM-IV-TR [14] independently to identify participants who met criteria for PD dementia (PDD). A patient was designated as having PDD according to Emre's criteria [15] with a reliable decline based on the RCI score and an impairment of at least 2 standard deviations below the mean on standardized scores in at least 2 cognitive domains. Patients were categorized as meeting PDD DSM-IV-TR criteria with a reliable decline based on the RCI scores and impairment (2 standard deviations below mean) in memory and at least one other cognitive domain. To further evaluate the progression of cognitive changes, a caseness analysis of PD-Mild Cognitive Impairment (MCI) was also conducted using the criteria adopted by Caviness and colleagues [21] . A patient was designated as having PD-MCI with cognitive performance at least 2 standard deviations below the age corrected mean score in one cognitive domain (as established by Emre's [15] criteria). Table 1 presents baseline demographic information for STN-DBS patients and PD controls. Groups were matched post-hoc on age, gender, baseline Hoehn and Yahr staging, duration of PD, and baseline MMSE scores. However, the STN-DBS group had significantly less education and higher baseline dopaminergic medication usage. Education correlated significantly (p < 0.05) with Digit Span, BVMT-R Total Recall, and BNT and thus was entered as a covariate. To control for changes in dopaminergic medications over time, a change score was computed by subtracting dose at baseline from 2 years. Change in dopaminergic medication use correlated significantly and was used as a covariate for Stroop Word and Trails A.
Results
Subjects
Attrition Rates for STN-DBS: The neuropsychological performance 6 months following surgery was previously reported by York et al. [16] for 23 STN-DBS patients. Four of these patients did not return for their 2 year follow-up evaluation (17% attrition from 6 months to 2 years). Of these four patients, two patients died between their 6 month and 2 year evaluation, one patient moved out of state and could not be contacted, and one patient refused to complete the evaluation due to an increase in psychological distress. Table 2 provides raw score means and standard deviations for neuropsychological outcomes by group over time. Table 3 provides 
Neuropsychological outcome
Dementia caseness analysis
Patients were classified as meeting PDD criteria based independently upon Emre's [15] and DSM-IV-TR [16] criteria using the RCI indices as a measure of reliable decline in combination with a deficit of at least 2 standard deviations. Emre and DSM-IV-TR criteria [14, 15] resulted in identical dementia designations. No PD or STN-DBS participants met criteria for PDD at baseline. At 2 years, 6 of the DBS patients (32%) met criteria for PDD compared to 3 PD patients (16%), which was not significantly different from each other based on frequencies (p ¼ 0.21).
Mild cognitive impairment caseness analysis
Patients were classified as meeting PD-MCI criteria with a deficit of at least 2 standard deviations below the age corrected mean in one of the four cognitive domains identified by Emre et al.'s [17] criteria. Five of the STN-DBS participants (26%) and 3 of the PD participants (17%) met criteria for PD-MCI at baseline (p ¼ 0.12). Of the 5 STN-DBS patients who met criteria for PD-MCI at baseline, 3 STN-DBS patients converted to PDD and the remaining 2 patients continued to meet criteria for PD-MCI at 2 years. The 3 PD patients who met criteria for PD-MCI at baseline all converted to PDD by the 2 year evaluation. At 2 years, an additional 4 STN-DBS patients (21%) converted to PD-MCI compared to 3 additional PD patients (17%). In total, at the 2 year evaluation 6 of the STN-DBS patients (32%) met criteria for PD-MCI compared to 3 PD patients (16%) (p ¼ 0.21). When PD-MCI and PDD diagnoses were combined, the STN-DBS patients revealed a trend toward demonstrating increased cognitive impairment following surgery, with 12/19 STN-DBS patients (63%) demonstrating at least PD-MCI 2 years following surgery as compared to 6/18 PD patients (33%) (p ¼ 0.06).
Discussion
Using a comprehensive neuropsychological assessment, we examined the cognitive effects of bilateral simultaneous STN-DBS 2 years after surgery compared to a matched PD medically-managed group and present RCIs for each of the cognitive measures. These exploratory findings suggest that STN-DBS patients 2 years following surgery demonstrated impairments in nonverbal memory (BVMT-R-delay), oral information processing speed (SDMT), and language (VF & SF). These findings were further emphasized with RCIs indicating that approximately 50% of the STN-DBS patients demonstrated reliable impairments on nonverbal memory and oral information processing speed compared to approximately 30% of PD participants. Additionally, of the STN-DBS patients, almost 30% declined on verbal fluency abilities compared to 11% of the PD patients. In both groups, a 29% reliable decline was found for semantic fluency, although the STN-DBS group demonstrated a larger decline on this measure. These results are consistent with recent reports on STN-DBS, which have found sustained deficits in multiple cognitive domains, including memory, attention, and frontostriatal functioning post-operatively when comprehensive neuropsychological measures were administered [5, 8, 13] .
The contradictory literature regarding the neurocognitive abilities following STN-DBS may be explained in part by methodological factors. Many early studies that failed to find cognitive changes following surgery utilized screening measures, which are not designed to identify subtle changes in cognitive domains associated with PD, such as language and executive functioning [6, 7] . In a large randomized controlled study investigating DBS versus medical management for the treatment of PD which employed a comprehensive neuropsychological evaluation, Weaver and colleagues [22] reported that there were statistically significant treatment differences 6 months after surgery in working memory, processing speed, verbal fluency, and delayed visual recall. Furthermore, Williams and colleagues [23] also reported that a cognitive screening measure was not sufficiently sensitive to detect the postoperative cognitive changes that were revealed on a more detailed neuropsychological battery, including verbal fluency and vocabulary. These findings taken together with the current results suggest comprehensive neuropsychological assessments are preferable to detect the cognitive impairments evident after STN-DBS and that reliance on cognitive screening measures may have previously underestimated post-operative cognitive changes.
In addition to examining neuropsychological impairment, it is beneficial to investigate how these impairments manifest in the emergence of PDD in individual patients. Dementia caseness analyses did not reveal differences in the number of STN-DBS and PD patients who developed cognitive impairments significant enough to meet stringent criteria for PDD 2 years after surgery (32% versus 16%, respectively). All of the patients categorized as PDD met criteria proposed by both Emre [15] and DSM-IV-TR [14] . Emre et al. [15] criteria differs from the DSM-IV-TR [14] requirements in that PDD is diagnosed by impairment in any two cognitive domains; thus, memory impairment is not a required deficit as it is in the DSM-IV-TR [14] . The present data suggest that over the course of 2 years, dementia occurs in relatively equal numbers between PD patients treated with STN-DBS and medically managed PD patients, regardless of criteria used to determine dementia status.
To further characterize the cognitive changes over time, PD-MCI caseness analyses were also conducted. These analyses revealed a similar profile of conversion to PD-MCI over the two years for the STN-DBS and PD groups, with 21% of the STN-DBS patients and 17% of the PD patients converting to PD-MCI 2-years following the surgery. The previously reported short-term cognitive outcome of this sample reported that one STN-DBS patient met criteria for PDD at 6 months according to the DSM-IV-TR criteria [14] . Using Emre's PDD criteria [15] , an additional STN-DBS patient would have met criteria for PDD at 6 months. Although none of the STN-DBS patients were demented at baseline, 26% met criteria for PD-MCI prior to surgery, 42% were PD-MCI and 11% PDD at 6 months and 32% were PD-MCI and 32% were PDD at 2 years.
Investigating the baseline, 6 months and 2 year cognitive profiles of the 6 STN-DBS who were diagnosed as PDD revealed a gradual progression in cognitive impairments that occurred over time. The 2 STN-DBS patients who converted to dementia 6 months following the surgery demonstrated a continued worsening of their cognitive performance over the intervening 18 months revealing impairments in verbal and nonverbal short-term memory, verbal fluency, and executive functioning at two years. Three of the 6 PDD patients met criteria for PD-MCI at 6 months and revealed declines in verbal fluency and short-term verbal recall at the 2 year evaluation. The final PDD patient did not meet criteria for PD-MCI at 6 months but showed a significant decline in his cognitive performance between the 6 month and 2 year evaluation. In comparison, the 3 medically managed PD patients who were demented at the two year evaluation met criteria for PD-MCI at the baseline and the 6 month evaluations, demonstrating a mild decline in cognitive performance over time. The additional 3 PD patients who met criteria for PD-MCI at the 2 year evaluation had not met criteria previously, and they did not demonstrate a change in their performance between their baseline and 6 month evaluations. Overall, the STN-DBS patients who met criteria for PD-MCI at 6 months were more likely to either dement or demonstrate a decline in cognitive performance at two years. This finding suggests that for a subset of patients the surgery may result in a deterioration of cognitive functioning that may then continue to progress to PDD. Further research with more closely spaced time periods for each evaluation is needed to more definitively comment on the progression of the cognitive symptoms following STN-DBS.
The impact of disease progression on the post-surgical outcome continues to be debated, thus underscoring the importance of a suitable control group when examining the cognitive outcome following STN-DBS. It is still not known whether post-operative cognitive impairments are solely attributable to PD progression, the effects of the surgery, or both. Factors that indicate greater disease progression (e.g., age, duration of illness) were either matched between groups or statistically controlled for in our analyses and the groups did not differ on the number of patients with mild cognitive impairment at baseline. Consequently, similar cognitive impairments should be present in the PD and STN-DBS patients at 2 years. Overall, the STN-DBS patients showed a non-significant trend toward more cognitive impairment 2 years following surgery as compared to the PD patients, with an overall gradual decline in cognition over the two years. However, it is possible that the STN-DBS patients may have been at increased risk for cognitive decline due to more severe disease at baseline.
Reliable change indices (RCI) are the preferred statistic used to examine the influence of disease progression over time by controlling for test-retest reliability [9, 16, 24] . RCIs supplement traditional statistical analyses by providing an observation of performance across time accounting for changes due to factors not related to cognitive impairments. Additionally, comparing reliable change in STN-DBS patients to PD patients, allows for conclusions to be drawn about the effect of STN-DBS on cognition above and beyond the impairment associated with PD progression. RCI data in the present study indicated significant impairments in nonverbal memory, oral information processing speed, and verbal fluency beyond that of the PD comparison group. However, RCI analyses do not account for baseline differences between PD and STN-DBS patients, warranting some caution when interpreting these findings.
Understanding of neural circuitry in PD and the pathophysiology of neuropsychological changes following STN-DBS can lead to therapeutic improvements. Due to the STN's rich connections with the dorsolateral prefrontal cortex and limbic structures [25, 26] , stimulation of this area could alter cognition. Poor performance on measures of VF (related to mental flexibility in the frontal-striatal circuitry) is related to high frequency stimulation, with a beneficial effect during low frequency stimulation [27] . Hence, high frequency STN-DBS stimulation could lead to declines over time in VF as seen in the present sample. Reductions in dopaminergic medication after STN-DBS may also contribute to cognitive impairments following surgery [28e30] . However, in the current study, changes in dopaminergic medication were statistically controlled for suggesting that medication changes are unlikely to account completely for the cognitive impairments demonstrated.
Several limitations of this study should be acknowledged and addressed in future research. First, due to the proven efficacy of the surgery for the motor symptoms of PD, a long-term randomized investigation of STN-DBS was not performed. We instead used a convenience sample of medically managed PD patients recruited from the PDMDC and community resources. Second, due to the inability to randomize patients, we matched the STN-DBS and PD patients on relevant demographic and medical variables at baseline or statistically controlled for variables to help account for between group differences (education and levodopa medication change). It remains uncertain whether these factors could be fully accounted for through our statistical corrections. It is possible that the STN-DBS patients, who were slightly younger in age (p > 0.05) with longer disease duration (p > 0.05) and were taking more levodopa medication at baseline (p < 0.05) as compared to the PD sample, may have been at increased risk for cognitive decline presurgically; thus biasing our findings. Additional research is needed to better ascertain the variables contributing to cognitive impairments following STN-DBS and to more clearly delineate the progression of these cognitive changes over time. Third, our sample size was relatively small; therefore, we were unable to analyze predictors of decline. Fourth, due to the preliminary nature of this data and the small sample size, we chose not to use a Bonferroni correction to reduce the risk of Type II error. We acknowledge that our findings may be affected by the Type 1 error rate inflation. Fifth, we did not address the influence of stimulation alone on cognition. Future studies should investigate long-term cognitive performance in both "on" and "off" stimulation states.
In summary, the present study investigated cognitive outcome two years after STN-DBS compared to a medically-managed PD group on a comprehensive neuropsychological evaluation and reported RCIs for each of the neuropsychological measures. STN-DBS patients did not demonstrate changes in global cognitive functioning on screening measures. However, in our small exploratory sample, neuropsychological evaluation revealed declines for STN-DBS patients in nonverbal memory, oral information processing speed, and language functioning compared to the PD patients. Our results suggest that neuropsychological evaluations may be useful in delineating cognitive changes that may potentially occur following STN-DBS.
